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Optical absorption in Al and dilute alloys of Mg and Li in Al at 4.2 K~
R. L. Benbow~ and D. W. Lynch
Ames Laboratory-ZRDA and Department of Physics, Iowa State University, Ames, Iowa 50010
(Received 30 June 1975)
The absorptances of Al and alloys of up to 5.5 at.9o of Li and Mg in Al were measured at 4.2 K in the
0.2-3.0-eV range. The theory of Ashcroft and Sturm was fitted to the data. The fit obtained is reasonably good,
provided three relaxation times are used, one for the Drude term and one for each type of transition between
parallel bands. The fit is slightly better for the more concentrated alloys. In all cases the discrepancy between
the fit and the data is greatest in the region between the two interband peaks in the optical conductivity, and
lmown extensions to the theory do not qualitatively improve the fit. Pseudopotential Fourier coefficients U200
and U», obtained from the fits vary with solute type and concentration. The variation can be explained
semiquantitatively with a virtual-crystal pseudopotential.
I. INTRODUCTION
The optical properties of aluminum have been
studied often and are reasonably well known over an
extensive range of photon energies. 3 The litera-
ture abounds with band-structure cal.culations, ~
carried out by a variety of methods, ranging from
pseudopotential models to augmented-p lane-wave
(APW) and Korringa-Kohn-Rostoker (KKR) methods.
These differ in detail, but in general are in quali-
tative agreement. Ashcroft' proposed a model for
the Fermi surfa. ce, based on pseudopotentials,
which quite accurately fitted existing de Haas-van
Alphen data. Brust used a pseudopotential model.
(with Ashcroft's pseudopotential parameters) to
make an extensive computer cal.culation of the op-
tical conductivity. His conclusions supported the
prediction of Harrison' that parallel bands, exist-
ing over relatively large portions of the Brillouin
zone, cause singularities in the joint density of
states at photon energies h~-2
~
Ur ~, where Ur is
either of the two pseudopotential Fourier coeffi-
cients employed by Ashcroft. Bos and Lynch6
demonstrated the existence of the two singularities
described by Harrison'; at -0.5 and -1.6 eV.
Qolovashkin et aE. 7 showed that optical measure-
ments, in particular at low temperatures, could
be employed to determine the U„'s. Ashcroft and
Sturm derived essentially the same theory-a
parallel-band theory —but included broadening in
a different way. They obtained expressions in
closed form for the interband conductivity of cubic
polyvalent metals. Mathewson and Myers used
the paral. lel-band theory in the analysis of their
data on the optical constants of aluminum over a
wide range of temperatures for photon energies
from 0.7 to 2. 5 eV. They determined the essen-
tial parameters for the parallel-band theory (an
interband relaxation time and the two U„'s) and an
effective mass and free-electron relaxation time
for the accompanying Drude term. The only lim-
itation to their work is that the photon energy range
did not include the region of the lower-energy
absorption peak which appears in the conductivity.
By fitting the theory to the high-energy "tail" of
the lower-energy peak, they were able to determine
values for U~~~ as well as for Ugpp (corresponding
to the peak at l. 6 eV). They observed that the
interband relaxation time v; at any temperature
was approximately half the free-electron relaxa-
tion time 7&, and that v& exhibited a strong tem-
perature dependence similar to that of v&, suggest-
ing that electron-phonon scattering was predomi-
nant in v;. They also predicted T= 0 values for
both U~'s.
The present work consists of absorptance mea-
surements (Sec. II) made at 4. 2 K on samples of
pure Al and Al-based alloys containing small
amounts of Li or Mg. The theory of Ashcroft and
Sturm' was fitted as well as possible to the data,
assuming parallel-band absorption and direct
transitions occur in the alloys, and the results
are presented in Sec. GI. The successes and lim-
itations of the theory are described in Sec. EV.
II. EXPERIMENTAL
The absorptance A (= I-R, where 8 is the re-
flectance) of single-crystal aluminum and six poly-
crystalline alloys of lithium or magnesium dis-
solved in aluminum was measured calorimetrical-
ly, using a technique described elsewhere. e The
samples were all spark cut from larger pieces.
The alloys were prepared by arc melting the con-
stituents together under vacuum. After spark
cutting, the samples were mechanically polished
to remove as much spark-cutter damage as pos-
sible. Next, the samples were electropolished in
a solution of 6% perchloric acid in methyl alcohol
at dry-ice temperature. The Al:Li samples were
then mounted in the sample holder, which in turn
would be evacuated within 30 min to a pressure of
less than 10 Torr and to less than 10 Torr with-
in 2 h. The Al and Al:Mg samples were annealed
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form factors of Al, I i, and Mg from q/2hz = 0 tol.0. It was found that a simple virtual-crystal
pseudopotential couM explain qualitatively the
behavior of the experimentally determined UE's.
If x is the concentration of impurity in the alloy,
then the effective potential is taken to be simply
&I +q )~ ~l &=(I-x) &I +q ~~»~l &
+x&k+q (~, ,(k&.
Equation (3), together with the corrected values
of q/2hz, produce the uncorrected matrix elements
8'~ shown in Fig. 8 as functions of the two im-
purity concentrations T.he Wz's have values dif-
ferent than the Ug s fol the above-mentioned
reasons. The important comparison in Figs. 6
and 8 is the general agreement of the slopes of the
respective curves. In particular, for either im-
purity, W~~~ behaves nearly identically with U~u.
In the case of 8'2«and U~«, the agreement is less
striking, but quahtatively is good enough, as well
as sufficiently unlike the behavior of W'~~~, to show
that the experimental results are not at all unrea-
sonable.
B. Relaxation times
SOLUTE CONCENTRATION (at. '/ )
FIG. 5. Drude and interband scattering rates vs im-
purity concentrations. These were determined by fitting
model of Ref. 8 to conductivity data (crosses) in Figs.
3 and 4.
A first estimate for the change in relaxation
time with increasing impurity content is the value
0.800—
between states whose wave vectors differ by a re-
ciprocal-lattice vector, and to which a small per-
turbation correction has been added to account for'the
reduction of the infinite-order secular equation for
the energy levels to a simple second-order deter-
minant. The V~'s are termed "folded Fourier
components'" by Ashcroft and Sturm. 8 The uncor-
rected matrix elements may be determined from
a table of orthogonalized-plane-wave (OPW) form
factors, such as the compilation of Animalu. ~
The values of the reciprocal-lattice vectors may
be determined from the lattice constant. The lat-
tice contracts negligibly with the addition of Li.
The free-electron Fermi energy changes substan-
tially, however, and since the OP% form factors
are tabulated as functions of q/2hz, the addition
of Li caused a change in the values of the matrix
elements. When Mg is introduced, the lattice ex-
pands with coefficient of linear expansion of
0.0047 A/at. %, '~ which is not negligible. The cor-
responding contraction of the reciprocal lattice,
together with the change in the free-electron Fermi
energy, causes a change in the matrix elements
with the addition of Mg. The shift in the recipro-
cal-lattice vectors is not enough to explain fully
the shift in the U~'s. In Fig. 7 we show the OPW
0.790—
0.780— Uzoo
Y
0.240
0.250
0.220
0.2 lG—
0200' l l l I I l I (
0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0
lMPURlTY CONCEgTRATlON (at. A)
FIG. 6. Experimental pseudopotential Fourier coef-
ficients vs impurity concentration. Triangles: from fit
of model of Ref. 8 to absorptivity data. Circles with
connecting lines: from fit of mode1. of Ref. 8 to the con.—
ductivity (crosses) in. Figs. 3 and 4.
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FIG. 7. OPW form factors for Al (solid), Li (dashed),
and Mg (dot-dash) from Ref. 12.
mechanism. For example, Ashcroft and Sturm
solve only a two-by-two secular equation to get
wave functions and energy eigenvalues. If the
secular equation was enlarged to be three by
three, would the bands still be parallel? If not,
broadening would be automatic, since the joint
density-of-states function would not be exactly
singular (but still nearly so) over the same large
volume of the Brillouin zone. Nilsson~4 has cal-
culated the optical conductivity with no scattering,
but with a larger secular equation, obtaining some
broadening of the singularity, but less than occurs
in our alloys. This suggests that the bands in
question remain remarkably parallel.
Sturm and Ashcroft have revised the original
parallel-band theory by considering a form of non-
locality in the pseudopotential. The result is that
the bands in question are no longer quite parallel.
The conductivity is then broadened and nonsingular
in the absence of scattering. Unfortunately, the
theory with scattering is not available in closed
form, as in the original parallel-band theory, and
the ease of fitting the theory to data has been lost.
If the new theory were used to fit actual data, a
criterion for the fit could be that a single relaxa-
obtained from changes in dc resistivity. %'ith
P PA1+ P PA1(1 + P/PA1)
and p=m/neaf, we expect
I/1 1f (I/~ Al) (1+ +P/PA1)
This gives questionable agreement with the data of
Table I if we allow I/f » to take on the three values
1/rf, I/vfffp and 1/vapo for pure aluminum. If, on
the other hand, we use only the dc resistivity to
determine r, in
I/ ref f I/7» + I/7 f~»
we get virtually no agreement with Table I.
This may result from the philosophy of requir-
ing three relaxation times in the theory. In gen-
eral, a relaxation-time approximation is intended
to describe a wide range of scattering processes.
It is highly desirable that a single relaxation time-
even though it may result from several different
scattering mechanisms-be used to describe an
entire situation. In the present case we need three
relaxation times to describe the scattering accom-
panying absorption of photons by electrons.
Since the relaxation time was introduced in the
parallel-band theory to broaden the absorption
peaks in the conductivity, we should ask if
broadening may be accomplished by some other
.850
.820-
.8 I 0—
.290
.280
.270
.260
(
I I I I I
0.0 2.0 4.0 6.00.0 2.0 4.0 6Q
IMPURITY CONCENTRATION {at.'4)
F/G. 8. Calculated pseudopotential Fourier coefficients
vs impurity concentration. The triangles are from using
only the Al AP%' form factor (rigid-band model) and the
circles with conneoting lines are from a combination of
Al and solute APW form factors (virtual-crystal model)
(Fig. 7).
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S/Tf ($ (ev) Ijap'p (ev)
0.079 0.108
TABLE I. Parallel-band model parameters obtained'from best fit to sample
conductivity.
Sample U~gg (eV) Ugpp (eV) @'/7 p (eV)
Single-crystal Al 0.218 0.802 0. 060
Al+ 2. 2-at. % Li
Al+4. 0-at. % Li
Al+ 5. 5-at. % Li
Al+ l. 0-at. % Mg
Al+2. 5-at. Vo Mg
Al+ 5. 5-at. % Mg
0.230
0.241
0.253
0.219
0.220
0.219
0.799
0. 799
0.799
0.796
0.785
0. 768
0.112
0.143
0. 161
0. 084
0.109
0.133
0.137
0.115
0.208
0, 092
0.121
0.164
0. 167
0.200
0.256
0, 120
0. 166
0.213
tion time be employed for the free-electron and
interband contributions. It is not known if the
parameters of nonlocality would be dramatically
affected. Presumably, there would be a different
one associated with each Fourier component of the
pseudopotential, and we would therefore have just
as many parameters in the modified theory as at
present.
T ~ =a b(h+w)' (7)
couM improve the fit somewhat. Homever, such
an energy dependence mas applied to an early set
C. General fit of theory
The numbers quoted in Table I for the v's and
U~'s are those obtained from a fit made directly
to the data. The Kramers-Kronig analysis pro-
duced a conductivity which had absorption peaks
in the right place, but whose magnitude is question-
able. The pseudopotential parameters as well as
the relaxation times mere all sensitive to this mag-
nitude. For example, artificially altering the rnag-
nitude by multiplying the conductivity by the func-
tion [0.05+ 025@~ (eV)], caused ail the param-
eters to increase by a few percent, even though
the essential structure of the curve mas not changed.
In all cases, when the main peaks mere fitted, the
region between the peaks (near l. 2 eV) was never
fitted as well. This was especially true of the fit
to the conductivity. It is felt that the discrepancy
may be a result of a combination of an error in the
,magnitude of the conductivity along with inadequate
broadening in the theory.
It is conceivable that an energy dependence in
the relaxation time'6'~' of the form
of data (for which the absorptance between 2 and
2 eV was too large due to scattered light) but re-
quired a value of 5 to be too large by a full. order
of magnitude. In that instance, the excessive
values of A required the large value of b, but even
so, the most poorly fitted region of the spectrum
was the region near 1.2 eV. Because of this, no
subsequent attempt was made to include energy
dependence in v. It is conceivable that one couM
attempt to ascribe an energy dependence to 7 by
maintaining that the three 7 s obtained in this ex-
periment are an energy-dependent manifestation
of a single 7. However, the energy dependence
is too strong and does not conform to the simple
form of Eq. (7). It is our opinion that increased
broadening shouM come from some other source,
such as the nonlocal effects mentioned above. ~'
D. Effective mass
It mas stated in Sec. III that the effective mass
for the alloys was assumed to be the same as for
pure aluminum. This procedure appears to be
somewhat justified by Eq. (42) of the paper by
Ashcroft and Sturm. ' From it, we get ~"/ppp = I.55
for pure aluminum, 1.54 for the least dilute Al-Mg
alloys, and 1.60 for the least dilute Al-Li alloy.
Given the uncertainties in the other parameters,
the original assumption seems to be well founded.
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